Abstract The Sjölunda wastewater treatment plant in Malmö, Sweden, was upgraded for extended nutrient removal in 1998-1999. The design was based on future effluent standards of 10 mg BOD 7 /l, 0.3 mg total-P/l and 8 mg total-N/l. The upgrading concept took into consideration existing processes and structures, resulting in a cost-effective and compact upgrading. To introduce nitrification, the existing trickling filters for BOD-removal were converted to a nitrifying mode. A sequencing batch reactor for nitrification of supernatant was necessary to control the ammonia load. Denitrification was accomplished in a moving bed biofilm reactor with addition of external carbon source. The future effluent standards could be met by the upgraded plant. The trickling filters were stable despite varying loading conditions. High rates and low effluent ammonia concentrations were achieved. Essential features for stable post denitrification were control strategies for carbon source dosage and avoiding phosphorus limitation.
Introduction
The Sjölunda wastewater treatment plant (WWTP) in Malmö, Sweden, is designed for 550,000 population equivalents, corresponding to an average wastewater flow of 1650 l/s. The plant was upgraded for extended nutrient removal in 1998-1999 due to more stringent effluent standards. The design was based on future effluent standards of 10 mg BOD 7 /l, 0.3 mg total-P/l and 8 mg total-N/l.
The Sjölunda WWTP was built in 1963 and it was upgraded in 1970 and 1979. The aim of the last upgrading in 1998 was to introduce nitrification and to achieve an extended removal of phosphorous and nitrogen. By the time of the upgrading, a competition situation played a decisive role. International water companies as well as the current operating organisation were invited by the city to bid for the operation and the upgrading of the Sjölunda WWTP. Only a limited amount of space was available for the upgrading which can be seen in Figure 1 . Consequently the upgrading concept should provide a compact and cost-effective solution.
The selected upgrading concept was based on extensive full-scale and pilot-plant tests (Aspegren et al., 1998) . These meant that existing processes and structures could be fully utilised. Biofilm processes play a central role in the new concept. The alternative to the selected concept was to increase the volumes and the sludge age in the activated sludge processes. Such a concept would require an almost new plant and consequently it would be much more expensive.
The upgraded plant
The process scheme of the upgraded plant is shown in Figure 2 . The plant is equipped with a high rate activated sludge process for BOD-removal operated with an SRT of about 3 days. The inlet zone is operated without aeration for denitrification of nitrate that is recycled from the SBR plant and the NTFs. Phosphorus removal is accomplished by adding ferrous sulphate in a pre-precipitation mode.
Nitrification takes place in nitrifying trickling filters (NTF). There are four filters operated in parallel. They have a total volume of 8,640 m 3 and a total effective area of approximately 1,200,000 m 2 . In order to treat the entire wastewater flow to the plant, a nitrification rate of 1.75 g NH 4 /m 2 *d and low effluent ammonia concentrations were required in the trickling filters.
A sequencing batch reactor (SBR) for nitrification of supernatant from the sludge dewatering plant was necessary in order not to overload the NTFs. The SBR is designed to treat 700 kg NH 4 -N/d which corresponds to approximately 20% of the total nitrogen load of the WWTP. It is operated in 4 cycles per day and consists of an inlet and an outlet equalisation tank and an aerated reactor. The effective volume of the aerated reactor is 1900 m 3 and sodium hydroxide is dosed to maintain the alcalinity.
Denitrification is accomplished in a moving bed biofilm reactor (MBBR). The MBBR process utilises media from Kaldnes Miljöteknologi (KMT). There are 6 parallel flow trains with 2 reactors in each train. The total reactor volume is about 6,300 m 3 with a media filling degree of 50%. The design denitrification rate of 1.2 g NO 3 -N/m 2 *d at 10°C corresponds to a total denitrification capacity of 2,000 kg NO x -N/d. External carbon source is required and either methanol or ethanol can be used. The post-denitrification process is followed by a flotation process for removal of suspended solids. The physical upgrading was rather modest. The existing activated sludge process had to be upgraded with aeration basins of 10,000 m 3 , integrated with existing clarifiers. The new MBBR-process for post-denitrification was physically integrated with the new aeration basins. A new SBR-plant for nitrification of supernatant was erected at the inlet part of the plant. The old trickling filters were converted from BOD removal to nitrification and an extra media layer increased the depth from 3.0 to 3.6 m.
Overall results
The operation of the new plant has steadily improved since start up in 1999/2000. Effluent concentrations are presented as weekly averages in Figure 3 . The plant appeared to comply with the design standards during 2001. The effluent BOD and SS concentration was 9 mg/l as an annual average. Total phosphorus and nitrogen was well within the design values with an average of 0.21 mg/l and 5.4 mg/l respectively. Large areas in the city have a combined sewer network. The hydraulic load on the plant during storm water conditions exceeds the capacity for full treatment. At those situations, part of the wastewater is only pre-treated before it is discharged to the sea with the effluent wastewater. The peak values in the diagrams for BOD, SS and total phosphorous come from weeks with heavy storm water conditions.
Despite all tests in advance, there were certain features of the upgrading concept that can only be verified in full scale. Nitrification is one of the most important processes in the upgrading concept in order to meet the effluent standards. Key features are the stability and nitrification rate of the NTFs and the stability of the SBR process for nitrification of supernatant. In the MBBR process, a simultaneously high removal of nitrogen and phosphorus is also a key feature. Nitrifying trickling filters
Nitrification is essential for the overall result and the NTFs play a vital role here. To treat the entire wastewater flow, a nitrification rate of 1.75 g NH 4 /m 2 *d is necessary at the same time as low effluent ammonia concentrations must be reached. Although stable nitrification in trickling filters is well documented (Parker et al., 1990) , loads and rates have generally been lower than this figure. A thorough pilot-plant study was performed at the plant for over 4 years in order to evaluate the prospects of converting existing filters to a nitrifying mode (Andersson et al., 1994) . It is clear from Figure 4 that the required rate can indeed be met. The effluent ammonia concentration from the trickling filters was initially rather high. When the upgraded plant was started up, problems with internal recirculation of sludge occurred. Once these problems had been mastered and the nitrifying activity in the SBR became more stable, low effluent ammonia concentrations were experienced. Nitrification rates drop during the summer due to nitrification in the activated sludge processes.
The fact that the nitrification activity has been stable despite very varying conditions is remarkable. The temperature in the wastewater ranges from 12 to 20 °C and the load of suspended solids has periodically been as high as 100-200 mg/l. The hydraulic load on the NTFs has been rather stable around 2.35 m 3 /m 2 *h throughout the period. The flushing intensity in terms of the SK-value for the NTFs varies between 11 and 22 mm/pass during average load.
The operation of the SBR for nitrification of supernatant appears to be the key to successful operation of the NTFs. Soon after the SBR was taken into full operation low effluent ammonia concentrations were measured in the effluent from the NTFs. This can also be seen during the long stable operation of the SBR during 2001. The SBR has periodically been operated at the design load with low effluent ammonia concentrations.
MBBR for post-denitrification
The nitrified water from the trickling filters is directed to the MBBR process for denitrification. The process is based on denitrifying bacteria, growing on carrier material (Ødegaard et al., 1994) . It is a rather novel process type and the final design was based on extensive pilot-plant tests at the Sjölunda WWTP (Aspegren et al., 1998) .
The design denitrification rate is 1.2 g NO 3 -N/m 2 *d. It can be seen from Figure 5 Figure 4 Nitrification rate and effluent ammonia concentration design rate can actually be met. The figure also shows that besides reactor size, there are other factors influencing the reactor performance. Based on the experiences from the pilotplant studies and the start-up phase, the process optimisation has been focused on dosage of carbon source and avoiding phosphorus limitations.
If the dosage of carbon source is not controlled, either high effluent nitrate concentrations or bleed through of the carbon source may occur. The aim of the upgrading concept was to achieve low total-nitrogen and total-phosphorus concentrations in the effluent from the WWTP. Theoretically the required dosage of external carbon source is 2.86 g COD/g NO 3 -N and in practice 4-5 (Henze et al., 1997) . The difference between these figures gives rise to the sludge production. In this study the sludge yield has been 0.24 g SS/g COD on an average.
In Figure 6 , the carbon dosage is presented as the measured C/N-ratio. The dosage of external carbon source is based on the nitrate load. An on-line nitrate analyser in combination with the inlet flow meter is used to calculate the instantaneous nitrate load. Together with a COD/N-setpoint, an instantaneous carbon source flow is calculated. When the carbon source flowmeters were integrated in a feedback control loop in April 2001, the dosage became even more stable.
If the diagrams for COD/N ratio, COD difference and the effluent nitrate concentration are further studied, three remarkable periods can actually be extracted. They are indicated by ellipses. These periods are characterised by a simultaneous bleed through of COD and high effluent nitrate concentrations. During these periods, it can also be seen that the effluent concentration of soluble phosphorus is very low and that no phosphorous is available. When dosage of phosphoric acid was started during the two first periods of phosphorus deficiency, the amount of available phosphorus was rapidly increased and the nitrate concentration decreased. It is interesting to notice how the effluent phosphorus concentration remains low despite the increase in available phosphorus. Instead of solving the problem by adding phosphoric acid, the current strategy has been to adjust the dosage of ferrous sulphate more actively. This was the case during the last period.
Experience has shown that the phosphorus demand appears to be temperature dependent. An effluent soluble phosphorus concentration of 0.10 mg/l from the MBBR seems to avoid the deficiency problem.
The low ammonia effluent concentrations from the NTFs in combination with potential bleed through of COD when phosphorus deficiency problem arises has not only led to a more active control of the ferrous sulphate dosage but also to an attempt to minimise the Figure 5 Denitrification rate versus specific nitrate load carbon dosage. As low total nitrogen concentrations were measured in the effluent from the WWTP, the COD/N-ratio setpoint was decreased from 4 to 3.6 in August 2001. As a consequence of this action, the bleed through of COD in November 2001 was less pronounced than in previous situations of phosphorus deficiency. An on-line phosphate analyser has been procured in order to gain more knowledge about the phosphorus demand. In the future the on-line phosphate analyser will measure the effluent phosphate concentration from the MBBR. Combined with a very slow controller the dosage of ferrous sulphate is to be controlled. 
Conclusions
The Sjölunda WWTP was upgraded for extended nutrient removal in 1998-1999 according to a novel process concept that took into consideration existing structures and processes. It has been demonstrated that the new plant complies with the design standards reaching low effluent concentrations of total phosphorus and nitrogen. The implementation of a high rate nitrifying trickling filter process has been demonstrated at full scale. It has been possible to simultaneously combine high nitrification rates and low effluent ammonia concentrations.
The MBBR process for post-denitrification requires active control of the C/N-ratio and phosphate concentration in the influent water. It has been demonstrated that a control loop for the carbon source dosage based on nitrate load and feedback control yields a stable process control. To avoid phosphate deficiency problems and secure low phosphorus and nitrogen concentrations simultaneously the effluent phosphate concentration from the process has to be controlled on a daily basis.
